We calculated the target access index, which reflects the probability that a drug will reach its target at an effective concentration, and the predictive MICs of cephaloridine, cephalothin, and cefazolin for Mycobacterium chelonae from the drug concentrations inhibiting the binding of benzylpenicillin to penicillin-binding proteins, the permeability coefficients, and the I-lactamase properties. Despite a low level of P-lactamase activity and because of a very effective permeability barrier, the target access indices were very low, e.g., 100 times lower than for penicillinase-producing Escherichia coli. The predicted MICs were within one to three twofold dilutions of the experimentally determined values (which ranged between 512 and -2,048 ,ug/ml). These results demonstrate that the interplay of the cell wall barrier and I-lactamase activity determines high resistance of M. chelonae to j-lactam antibiotics.
Mycobacteria are generally resistant to most ,-lactam antibiotics (2) , in spite of their low level of P-lactamase production (4) . Indeed, the antibacterial activity of ,-lactam antibiotics does not depend on the rate of inactivation alone but depends on the balance between this rate and the rate of penetration into the cells (8) . Theoretical models of relationship between these two parameters have been proposed by Waley (11, 12) and by Nikaido and Normark (9) . The latter authors successfully used their model to predict the sensitivity to ,-lactams of several strains of Escherichia coli producing various levels of ,-lactamase by combining three parameters: (i) the penetration of the drugs into the cells, (ii) the inactivation of the drugs in the cells, and (iii) the affinities of the drugs for their targets, the penicillin-binding proteins (PBPs) (9) . In a previous study, we directly measured the permeability of the cell envelope of Mycobacterium chelonae to cephalosporins by the method of Zimmerman and Rosselet (13) and showed that this permeability was exceptionally low (3) . In the present study, we investigated the role of the interaction between the three parameters mentioned above in the resistance of M. chelonae to 3-lactam antibiotics.
MIC determination. MICs of cephaloridine, cephalothin, and cefazolin (Sigma Chemical Co.) against M. chelonae PS4770 (3) were determined in duplicate by serial twofold dilution in Middlebrook 7H11 agar supplemented with 10% OADC enrichment medium (Difco) with or without 10 p.g of clavulanic acid (gift from Beecham, Nanterre, France) per ml. The inoculum used (105 CFU) was prepared from a 2-day culture in Dubos liquid medium (Difco). The F.M. For cephaloridine and cephalothin, the I50 values were different, depending on the PBP (three-and twofold difference, respectively), whereas for cefazolin they were identical for the two PBPs ( Table 1 ). The two PBPs observed for M. chelonae had molecular weights similar to those of the two major PBPs of Mycobacterium avium-Mycobacterium intracellulare, and the 150 values for cefazolin were very close for the two species (6). Calculation of TAI and predictive MICs. Target access indices (TAIs) and theoretically predicted MICs of the three tested cephalosporins were calculated by using the following equations defined by Nikaido and Normark (9):
(1) MIC = (TAI-1 + l)Cinh (2) The values for these calculations were the permeability coefficients (P) and Michaelis constants (Kn) published elsewhere (3) and the area of cell wall per unit of cell weight (A, 132 cm2/mg) used in our previous work (3). The maximum rates of hydrolysis (Vmax), calculated from the raw data used for the determination of permeability coefficients (3), were (mean ± standard deviation) 2. The TAIs calculated by equation 1 ranged between 0.63 x 10-3 and 1.32 x 10-3 (Table 1) . Cephaloridine, which penetrates into M. chelonae more rapidly than the two other cephalosporins, is conversely more readily hydrolyzed by the ,B-lactamase produced, and because of the form of equation 1, the properties of penetration and hydrolysis are antagonistic. The predictive MICs calculated by equation 2 ranged from 1,580 to 6,190 ,ug/ml, with 1.5-and 3-fold variations for cephalothin and cephaloridine, respectively, depending on the PBP used for calculations (Table 1) . When compared with these values, the experimentally determined MICs were within 1 to 2 twofold dilutions for cephalothin and cefazolin and within 1 to 3 twofold dilutions for cephaloridine.
The TAI, defined by Nikaido and Normark to reflect the probability that a r-lactam antibiotic will reach the effective concentration at its target, is a function of the permeability of the cell, the properties of the ,-lactamase produced by the cell, and the concentration of drug required for inhibiting the target (9) . The ,-lactamase produced by M. chelonae hydrolyzes cephalothin and cefazolin at rates as low as that of the cephalosporinase produced by wild-type E. coli and 100 times lower than that of the TEM-type penicillinase produced by resistant E. coli (3, 9) . Conversely, P-lactam antibiotics penetrate M. chelonae 1,000 times more slowly than E. coli (3) . Finally, the affinities of the cephalosporins for the PBPs of M. chelonae and E. coli appear to be very similar. When these factors are combined, the TAIs of the tested cephalosporins become far lower for M. chelonae than for E. coli, e.g., the TAI of cephaloridine for M. chelonae was 50,000 times lower than for wild-type E. coli and 100 to 500 times lower than for cephalosporinaseoverproducing or penicillinase-producing E. coli (9) .
The accuracy of the predictive MICs obtained in the present study was lower than that obtained with E. coli (9) . Although the predictive MICs were in reasonably good agreement with the experimentally determined values, especially given the technical difficulties encountered in the permeability experiments with M. chelonae (3), the former were always higher than the latter (Table 1) . This fact cannot be due to the limited inherent variations of the different parameters used for calculations (Table 1 , footnote a) but is probably due to an underestimation of the permeability value (P) caused by the use of too high a value for the cell surface area/unit weight ratio (132 cm2/mg for A in equation 1), as already discussed in reference 3. An underestimation of P causes an underestimation of the TAI and therefore an overestimation of the MIC (see equations 1 and 2). However, the underestimation of P was probably partly balanced by a slight overestimation of the same parameter due to cell surface-associated P-lactamase, as suggested by the fact that in our previous study the permeability coefficient for cephaloridine increased by up to 50% when the substrate concentration was lowered from 1 to 0.125 mM (see discussion in reference 3). Analysis of these data by the method of Liu and Nikaido (5) suggests that about 0.2% of the total amount of cellular enzyme was accessible at the cell surface, causing a maximal twofold overestimation of P. Indeed, there could be more basic causes for the differences between the predictive and the measured MICs, such as the validity of the 150 values for predicting the level of antibiotic necessary to stop cell division or possible synergy between PBPs.
A way to improve the in vitro activity of r-lactam antibiotics against 3-lactamase-producing mycobacteria would be to combine them with 1-lactamase inhibitors. Clavulanic acid is known to decrease by 50% the 1-lactamase activity in Mycobacterium fortuitum crude extracts at a concentration of 0.5 to 4 ,ug/ml (1, 7) , and a similar effect was found with the ,B-lactamase of M. chelonae PS4770 (data not shown).
We found that the addition of 10 pLg of this inhibitor per ml led to a decrease of three to four twofold dilutions in the MICs of the three tested cephalosporins for M. chelonae. By using equations 1 and 2, it can be estimated from these results that the rate of hydrolysis of the cephalosporins (Vmax) was decreased 8-to 20-fold in intact cells when the inhibitor was added. However, similar calculations show that to bring down the MICs of cephaloridine or cephalothin into a therapeutic range (<16 mg/liter), the rates of hydrolysis of these compounds should be decreased by at least two orders of magnitude. Sulbactam was shown to be less potent than clavulanic acid against mycobacterial 3-lactamases (7) , and cloxacillin demonstrated inhibitory effect only at concentrations -30 [Lg/ml (7; also, our unpublished results).
Another way to improve the activity of 1-lactams would be to obtain compounds that are less readily hydrolyzable or have much higher affinity for PBPs, in order to increase markedly the TAI, but few of the newer compounds tested so far exhibited in vitro activity against most mycobacterial species (2).
In conclusion, the very low permeability of M. chelonae to hydrophilic antibiotics appears to be a critical factor in resistance, since it strongly facilitates the removal of the small amounts of antibiotics trickling through the cell wall. Therefore, unless an antibiotic can penetrate into the cell much faster than 3-lactams do, any weak process of inactivation or excretion is sufficient to reduce drastically the concentration of the antibiotic at its target and to make the bacterium resistant. For example, this is probably the case for aminoglycosides for which mechanisms of inactivation have been described (10) .
Finally, we note that since, in this study, the theoretical prediction of MICs yielded results that differed from observed MICs yet were approximate, one should be able to estimate the permeability of cell walls from MIC values, kinetic constants of 3-lactamases, and affinities for PBPs. This approach will be most valuable with organisms for which direct determination of cell wall permeability is im- 
